The leaf-living mangrove snail Littoraria pallescens is polymorphic for shell colour, and morph frequencies vary little throughout the species range. Constancy may be due to stabilizing selection or large effective population size. Using variances of morph frequency obtained from sample data, estimates of 4Ne(V + w) have been made (Ne is effective population size and v and w mutation rates for two shell colour morphs). On the assumption of neutrality, the estimates are 12.2 or 25.2, depending on dominance, suggesting that Ne is probably of the order of 106 or more. Stabilizing selection could, however, have inflated these values.
Introduction
A difference in shell colour and pattern between individuals in moilusc populations is one of the important classes of genetic polymorphism. The most thoroughly worked example is Cepaea nemoralis. Despite 50 years of intensive research, the reasons for the polymorphism are still not agreed or understood (Cain, 1983; Clarke, et a!., 1978; Jones et a!., 1977) . The most likely causes are selection by predators, coupled with physiological differences between morphs. These establish a balance (a) through differential selection in different parts of a heterogeneous environment, opposed by the homogenizing effect of migration, or (b) through the effect of apostatic selection, or both. It has been argued, however, that the effect of selection is overemphasized, and that much of the variability arises from mutation of usually more or less equivalent alleles, founder effect and drift . The question how shell colour polymorphisms are generally maintained deserves to be settled.
One reason why these factors are difficult to distinguish in C. nernoralis is that it is long-lived and occupies a wide variety of habitats, which have changed through climatic effects and human interference over a time scale which is relatively short compared with the time scale of gene frequency changes in the snail. This makes it difficult to detect, or rule out, critical associations between morph frequency and habitat (Clarke et a!., 1978; Cameron & Dillon, 1984 , Ochman eta!., 1983 ).
In the Indo-Pacific region, the genus Littoraria includes polymorphic species for which these limitations do not apply (Reid, 1986) . Some of the species are effectively restricted to bark surfaces. Although there is variation in shell colour, the colours tend to match the background, so that bark species are more or less cryptic. Others live almost entirely on leaves. In this group there are several species, sometimes very abundant, which tend to be polymorphic for colour morphs, usually yellow, orange and a dark olive colour. The genetics are unknown, but work on other molluscs (Murray, 1975) suggests, by analogy, that this variation is genetic in origin, and can probably be resolved into a locus which controls yellow versus orange (and possibly unpigmented) ground colour, and another with alleles for the presence or absence of dark pigment. The latter is analagous to the banding loci of other molluscs. The habitat of these species is relatively undisturbed and is very widespread. Two of the favoured tree genera, Rhizophora and Avicennia, each have species with similar foliage living throughout the tropics, so that the snails occupy the same habitats wherever they are found. Conditions on the two types of tree may sometimes be compared at the same site. The difference in the appearance of bark-living and leaf-living species in the same genus, and the constancy of their habitat give these snails substantial advantages over Cepaea species as a model system to study molluscan shell colour polymorphism. All species undergo development of eggs in the mantle until the veliger stage, which is shed into the water, where development takes some weeks (Gallagher & Reid, 1979; Reid, 1986) . Subject to coastal water currents, etc. the effective population size may be large (Scheltema, 1986) . Although they can live longer, there appears to be annual recruitment and turnover. This was demonstrated by Gallagher & Reid (1979) for L. angulifera and would account for the seasonal differences in average size observed in L. pallescens (this study).
There are two possible explanations for the difference between species which live on bark and those which live on leaves. As in other examples of background-matching in a wide variety of animals, the tendency of the bark-living species to match their backgrounds must be the result of selection for crypsis.
Polymorphism in the leaf-living species then arises either (i) because there is balancing selection maintaining the polymorphism, or (ii) because their location removes the individuals from predators, so that distinct mutants are not eliminated. There is then a balance between mutation and random loss. If selection on the colour morphs is demonstrated sufficiently often then the neutral hypothesis cannot be sustained. Various observations and experiments have shown that selection may act in these species to affect morph frequency (Cook, 1990; Hughes & Mather, 1986; Reid, 1987) . Experiments to test for selection sometimes fail to demonstrate it (Reid, 1987; Cook & Garbett, 1992) . It is possible to consider the alternative hypothesis, that for the most part the forms are neutral and that the species on leaves are polymorphic due to neutral mutations, despite the fact that selection sometimes intervenes. The question is, can the neutral model be applied to the data in such away as to support or reject this hypothesis?
Application of theory If the forms are neutral and there are other neutral loci which can be examined then a class of patterns exists which can be compared with expectations based on effective population size and mutation rate. Investigation of different systems in the same samples should provide similar estimates of inbreeding and effective population size. The modern theory starts from the infinite allele model. Unless genes are individually sequenced, however, the investigator is always dealing with phenotypes, each of which may be produced by numerous different base sequences. This is true whether the phenotype is a shell colour morph or an enzyme allele.
There is variation in the appearance of dark individuals, which almost certainly indicates the existence of genetic differences. If the phenotype is simply classified into dark and non-dark (equivalent to banded and unbanded), the theory can be examined on the basis of two forms with forward and back mutation. For alleles at frequencies p and q with mutation and back muta- Table 1 Estimates of mean frequencies of dark and 4Ne( v + w) for samples from Papua New Guinea (Morobe and Salamaua), Thailand (Phuket Rhizophora and Avicennia samples) and Kenya. Dark individuals have predominantly olive brown shells, whereas non-darks are predominantly uniform yellow or orange (illustrated in Cook & Garbett, 1989) tion rates of v and w, the equilibrium frequency is q = v/(v + w). The variance is (Gale, 1990) ,
where Ne is the effective population size. Consequently,
Similarly, for a pair of alleles the inbreeding coefficient FST is V/pq (Lewontin & Krakauer, 1975; Kimura, 1983) , so that 4Ne(V +w)=(1-F)/F. The observed sample variances have been calculated for five sets of homogeneous samples of Littoraria pallescens from three areas [Papua New Guinea (Cook, 1986) , Thailand (Cook, 1990) Estimates of F have also been included in Table 1 because of the close relation between the two statistics and the use of F in the Lewontin-Krakauer test. Small values for Ne(v + w) are those much less than unity. The implication is therefore that effective population size is large in this species.
The problem with accepting this conclusion at its face value is that we have no means of knowing the value of v or w. These quantities are the conversion rates from one phenotype to the other. Observed rates for such phenotypes are of the order of 10_6_10_5, giving a range of values of N from 1.5 x 10 to 3.2 x 106. But what mutation rate should we use if, for example, we wish to use these data to predict the allele frequency distribution for a set of proteins studied by electrophoresis?
The conversion rate is a consequence of the mutation rate of each base, and generally quoted figures for that are 10-9_10-8 (Kimura, 1986) . One way of relating the two levels would be to assume that base mutations have probabilities in the ratio v w of bringing about conversion of the phenotype. If there are c bases, each with a mutation rate u, then the probability that at least one mutation will occur is 1 -(1 -u), or 1 _e_af. This is approximately equal to cu, provided cu is small, and is the frequency of detectable mutations of one kind or the other. Consequently, cu = v + w. The phenotype forward and back mutation rates would then be the product of this value and frequencies v/(v + w) or w/(v + w).
The same result is obtained by starting with c alleles, each of which can mutate to any other, while only a fraction of these cause phenotypic conversion. The change in gene frequency due to mutation for two alleles, distinguished by subscripts, is = -u21q1 + u12q2, Aq2 = u,1q1 u12q2.
In the previous notation, u21 = v and 1112 = w. At equilibrium, there is no change in gene frequency, so that
Similarly, for c alleles, AQ.Q=0. The average number of bases per gene is 1 0 or more, so that with u = 10 or higher the implication is that the conversion rate should be 10-6 or higher. If we accept the calculation for the colour morphs as indicating that the effective population size is larger than average, then for effectively neutral systems in which several alleles representing several base mutations are detectable, we should see strongly L-shaped frequency distributions. This would therefore be the prediction for a survey of sequenced genes, if the majority of the loci are neutral. The number of alleles present is also predicted in theory, and is in principle a more reliable statistic (Ewens, 1979a (Janson, 1985) .
Much work had been published on expected frequency distributions of alleles and of heterozygosity in neutral multiallelic systems (e.g. by Ewens, 1972 Ewens, , 1979a Ewens & Li, 1980; Watterson, 1978) but difficulty is experienced in using the theory to interpret real data (e.g. Mani et a!., 1986) . In the present case, each of these systems has therefore been treated as a morph pair, to allow direct comparison with the colour data (this was the approach adopted by Wright in developing his theory in relation to multiple alleles).
Alleles have been grouped into two electrophoretic mobility categories (phenotypes), depending on whether they are more or less mobile than a central value. The procedure is not quite as rash as it sounds because the drift dynamics remain binomial for arbitrary groupings of alleles into two categories. Also, the products of the mean frequencies and the empirical variances by which they are divided both vary in the same way, an extreme frequency producing a small product and tending to result in a small variance. The results are shown in Table 2 .
The enzyme data give estimates for Ne( v + w) as large as or larger than those for colour in L. pallescens. The implication is either that all loci studied are subject to selection for constancy of phenotype frequency, which is unlikely, or that large effective population size does indeed stabilize phenotype frequencies in these species.
All estimates of variance are made directly from the estimated frequencies in each sample. This variance is composed of a component due to sampling by the investigator and a component due to true fluctuation from site to site. When the first component is estimated as the binomial variance, obtained from mean frequency and mean sample size, it often equals or exceeds the calculated variances of Tables 1 and 2 . These are therefore minimum estimates of effective population size, which, taken at face value, is sometimes virtually infinite.
It should be noted that the geographical distances involved are far greater for the L. pallescens data than for the L. angulifera data; thousands of kilometres between the groups in L. pallescens, hundreds for the Janson data and tens of kilometres between samples Table 2 Data for enzyme loci and shell colour in L, angulifera analysed as if only two morphs are detectable for each locus, as in Table 1 . For each system, allele frequencies have been pooled depending on whether the alleles are more or less mobile than a central value. Data from Gaines eta!. (1974) and Janson (1985) Number of for the data of Gaines et al(1974) . In addition, the one exceptional system concerns colour in L. angulifera (Table 2) . Here, there was great variation between the four sites, one sample consisting entirely of white shells whereas this category was lacking elsewhere. Evidently, the situation is quite different from that in L. pallescens or in bark-living Indo-Pacific species such as L. intermedia, which do not show such radical changes from place to place.
Conclusion
One way to examine the applicability of the neutral model as an explanation for the constancy of morph frequency in L. pallescens is to estimate the effective population size and compare the estimate with those for other genetic systems. The large estimate obtained for the visible morphs could be a good one, or an artifact arising because of stabilizing selection on morph frequency. If it was equally large in the majority of systems studied the neutral mutation theory would be strengthened as an acceptable explanation for the observed pattern.
In making the comparison there is a problem of difference in the level of detectability of alleles when different categories of the genetic system are studied. The rate of mutation detected is a product of the base mutation rate, the number of bases available to mutate and the probability that the mutation will result in an observable phenotypic change. Ewens (1972) pointed out that the number of allelic types and the sample size provide the information needed to generate the allelic frequency distribution and estimate the statistics related to Ne and the mutation rate. Because of the uncertainty of detection, however, we cannot determine how many alleles are present, whether we are dealing with allozymes or colour morphs. It may be possible to use the standard methods for comparisons between different data belonging to the same category of systems (allozymes, for example), but not between categories. Here, all systems have been treated as being composed of two morphs, like the visible polymorphism. Although information is lost in the process the mutation rates become comparable, allowing comparable estimates of N to be made. Unless this is done, estimates of products of N and mutation rate cannot be compared, because the implied mutation rate differs from system to system by orders of magnitude, depending on the detectability of allele differences.
Applying the method to enzyme data for the New World bark-living L. angulifera leads to estimates comparable to, or larger than, those for colour in L. pallascens. Recent work by Johnson & Black (1991) , on a littorinid species with benthic egg masses, shows much higher F values, indicating small Ne. Perhaps the effective population size in Littoraria is indeed exceptionally large. Therefore, mutation and diffusion may be responsible for the polymorphism and the constancy of morph frequency in this species, over a geographical range extending from east Africa to Papua New Guinea, with occasional perturbations caused by local selective events. If we consider the colour system alone, the only way this hypothesis could be rejected would be to accumulate sufficient observations as to make the evidence for balancing selection overwhelming. Estimates from a range of enzyme loci should also be made for L. pallescens, for direct comparison with the shell colour system. This could be done using different populations for estimates from different loci, in order to increase the independence of the estimates. It would then be possible to say whether the alternative types of data produce consistent or inconsistent indicators of effective population size.
